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Phosphonium compounds as new and specific inhibitors of bovine serum

amine oxidase

Maria Luisa DI PAOLO*", Michele LUNELLI*, Marina SCARPA+ and Adelio RIGO*
*Dipartimento di Chimica Biologica, Universita di Padova, Via G. Colombo 3, 35121 Padova, Italy, and {Dipartimento di Fisica and INFM, Universita di Trento,

Via Sommarive 14, 38050 Povo-Trento, Italy

TPP* (tetraphenylphosphonium ion) and its analogues were found
to act as powerful competitive inhibitors of BSAO (bovine serum
amine oxidase). The binding of this new class of inhibitors to
BSAO was characterized by kinetic measurements. TPP* can bind
to the BSAO active site by hydrophobic and by coulombian inter-
actions. The binding probably occurs in the region of the ‘cation-
binding site’[Di Paolo, Scarpa, Corazza, Stevanato and Rigo
(2002) Biophys. J. 83, 2231-2239]. Under physiological condi-

tions, the association constant of TPP* for this site is higher
than 10° M~', the change of enthalpy being the main free-energy
term controlling binding. Analysis of the relationships between
substrate structure and extent of inhibition by TPP* reveals some
new molecular features of the BSAO active site.

Key words: amine oxidases, competitive inhibitors, phosphonium
compounds, structure—function relationships.

INTRODUCTION

Copper-containing AOs (amine oxidases) {amine:oxygen oxido-
reductase (deaminating) [copper/TPQ (2,4,5-trihydroxyphenyla-
lanine quinone)-containing]; EC 1.4.3.6} are a class of enzymes
involved in the intra- and extra-cellular metabolism of various
amines. These enzymes catalyse the two-electron oxidation of
primary amines to the corresponding aldehydes with reduction
of O, to H,0,, according to the following overall reaction [1]:

R-CH,-NH,;* + 0, + H,0 2% R-CHO + NH," + H,0, 1)

The nature of the covalently bound cofactor, TPQ, as well as the
role of copper, and the steps of the catalytic mechanism, have been
studied for some time and are well established [2,3], but, until now,
only five AOs have been structurally characterized [4-6].
Copper-containing AOs are widespread in Nature, being found
in organisms ranging from bacteria to plants and animals, but the
definitive physiological role of these enzymes has not been well
established. In fact, they may be involved in numerous metabolic
pathways, since amines and their reaction products have been
implicated in the processes of growth, differentiation and deve-
lopment of cells, apoptosis, wound healing, detoxification and also
in glucose transport and lipolysis in adipocytes [7,8]. The
assignment of functions to AOs is also complicated by the pre-
sence in some species of multiple AOs with different substrate
specificity, depending on their location. An example is man (Homo
sapiens), in which two genes plus a pseudogene encode the human
semicarbazide-sensitive AOs that have been found in many tiss-
ues, for example in kidney, intestine, thymus gland, placenta,
lung, cartilage, adipocytes, retina, plasma [7,8] and cardiovascular
smooth-muscle cells {human VAP-1 (vascular adhesion pro-
tein-1) [9]}. Differences in the level of human AOs are linked
to pathologies such as diabetes, atherosclerosis, congestive heart
failure and tumours [8,10,11]. Research into new and selective
inhibitors for AOs is an important goal, both to clarify the role

played by these enzymes, particularly when they coexist in the
same organism, and for their potential pharmacological applica-
tions. Studies of the mode of interaction between AOs and inhibi-
tors are also essential in order to probe the molecular features of
the AO active site, especially when their structure is not available.
To achieve these aims, a variety of compounds, such as carbonyl
reagents or substrate analogues, have been used as AO inhibitors
[7,12,13]. In particular, copper-containing AOs are usually in-
hibited by carbonyl reagents (semicarbazide, hydroxylamine,
hydrazine and their derivatives), which react with the TPQ cofac-
tor. Among these reagents, the hydrazides of pyrrol-1-ylphenyl-
acetic acid are characterized by an inhibition constant (K;) in the
micromolar range in the case of BSAO (bovine serum AO) [13].
A variety of substrate analogues and poor substrates [14—16] were
also used as inhibitors. However, few of them are characterized
by an inhibition constant in the submicromolar range, such
as trans-3-chloroallylamine, 3-5 ethoxy-4-aminomethylpyridine
(B24) and E-2-phenyl-3-chloroallylamine (MDL72274) [16—19].
Here we report on new types of potent competitive inhibitors,
namely phenylphosphonium salts, which are neither carbonyl
reagents nor substrate analogues. They are a class of lipophilic
molecules, important as chemotherapic agents [20,21], cationic
biocides [22,23] and inhibitors of some enzymes such as protein
kinase C [24] and HIV integrase [25]. They are also used as
sensors of transmembrane potential [26]. Until now, no data on
their effects on AO activity have been reported. Here, we report
kinetic studies focused on characterizing the inhibitory effect of
phenylphosphonium salts on BSAO. The results also provide new
information about the active site of this mammalian enzyme.

EXPERIMENTAL
Materials

All chemicals were of the highest available quality and were used
without further purification. In particular, the substrates used in

Abbreviations used: AO, amine oxidase; BSAO, bovine serum amine oxidase; BUA, 1-aminobutane; BZA, benzylamine; Ky, association constant;
Kg, dissociation constant; Kj, inhibition constant; NONA, 1-aminononane; PSAO, pea seedling amine oxidase; PTP, propyltriphenylphosphonium;
TPAs, tetraphenylarsonium; TPO, triphenylphosphine oxide; TPP(*), tetraphenylphosphonium (ion); TPQ, 2,4,5-trihydroxyphenylalanine quinone; SPD,

spermidine; SPM, spermine; VAP-1, vascular adhesion protein-1.

" To whom correspondence should be addressed (email marialuisa.dipaolo@unipd.it).

© 2004 Biochemical Society



552 M. Di Paolo and others

the present study were from Sigma—Aldrich—Fluka S.r.1. (Milan,
Italy).

BSAO was purified as described by Vianello et al. [27]. The
specific activity was 0.36 unit/mg of protein (one enzyme unit
is defined as 1 pumol of substrate transformed/min). Soybean
(Glycine max) seedling AO was purified by the method of Vianello
et al. [28].

Enzyme activity measurements

Initial-rate measurements were carried out on a PerkinElmer
Lambda-17 spectrophotometer, the peroxidase-coupled assay de-
scribed by Di Paolo et al. [29] being followed. This method
measures the oxidation rate of reduced cytochrome ¢ by H,0, in
the presence of a mediator (p-hydroxyphenylacetic acid) and
permits H,O, generation rates as low as 60 nM-min~' to be
detected (Agy; =1.12 x10° M~'-cm™). The tested inhibitors do
not affect this method, since the rate of ferrocytochrome oxidation
by H,0,, injected into the assay solution in the absence of AO, was
not affected by the presence of TPP* (tetraphenylphosphonium
ion) and related compounds. All measurements were carried
out at 25 °C, in air-equilibrated solutions — that is, under satu-
ration conditions for molecular oxygen (K ,°2 ~ 10-20 uM [30]).
Under these conditions, the resulting kinetic parameters refer
to the amines (see eqn 1). Ionic strength was controlled by the
appropriate addition of NaCL

Activity measurements, at various pH values, were performed
in the appropriate buffer (25 mM) with NaCl (150 mM). Buffers
were: Mes (pH 5.6-6.6), Mops (pH 6.6-7.3) and Hepes (pH 7.3—
7.6). NaOH and HCl were used to adjust the pH. Activity
measurements performed at overlapping pH values showed no
significant influence of the type of buffer on k., and K, values.

Standard assays, using a solution containing 0.5 mM SPM
(spermine), 25 mM Hepes and 150 mM NaCl, at pH 7.20, were
performed together with each set of rate measurements to check
the specific activity of BSAO.

Multiple inhibitor experiments were carried out by incubating
BSAO (1.6 uM) with reagents specific for the carbonyl group of
TPQ in the presence and in the absence of TPP* (0.9 mM). After
30 min of incubation, the residual activity of the enzyme was
monitored by dilution (1:360) in the assay solution containing
2 mM SPM as substrate.

Concentrations of purified enzymes were determined by the
method of Bradford [31], assuming a molecular mass for the en-
zyme of 180 kDa.

Data analysis

The steady-state kinetic parameters of BSAO (k., K, and k.../K ,)
were calculated by fitting the experimental data to the Michaelis—
Menten equation using a non-linear regression analysis program.
The parameter k., is the number of molecules of substrate
transformed/s per catalytic centre (two per BSAO molecule).
In some cases, k../K,, was calculated directly from experiments
carried out at substrate concentrations ([S]) much lower than the
K., according to the Michaelis—Menten equation. In the case of
competitive inhibition, the inhibition constants, which correspond
to the dissociation constants of the enzyme—inhibitor complex
(K ) were determined by plotting the values of the slopes obtained
by the Lineweaver—Burk method versus inhibitor concentration
according to the Dixon equation:

Km.upp/Km,(] = (l + [I]/Kd)

where K., ., and K, , are the Michaelis—Menten constant calcu-
lated in the presence and absence respectively of the inhibitor

[32]).
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Table 1 Residual SPM oxidase activity of BSAO in presence of a 1 mM
concentration of various onium compounds

All measurements were carried out in 25 mM Hepes/150 mM NaCl, at pH 7.20 and 25 °C,
using4 uM SPM ([SPM] « K =30 uM).

Compound Residual activity (kea/Km) (%)*
Tetramethylphosphonium chloride 83
Tetrabutylphosphonium chloride 25
Methyltriphenylphosphonium chloride 1
Ethyltriphenylphosphonium chloride 1
PTP chloride 05
TPP+ chloride 05
TPAs chloride 2
Ammonium chloride 96
Tetramethylammonium chloride 88
Tetraethylammonium chloride 75
Tetrabutylammonium bromide 56

*100 % of (keat/Km)spm = 3.7x10* M~" . 571

The pK, values of the amino acid residues involved in the
binding of TPP* were calculated by fitting the association
constants of TPP* for BSAO [(K,)] to the following Hill equation
(modified by Markley [33]):

K, =(K.), [1 + 10’7("’<€"""I):|7l 4 (Kb)c{l _ [1 +10 h(pKa—pH)]’l}
(2)

where (K,), and (K;). are the values of K, measured when
the inhibitor binding site(s) are deprotonated and protonated
respectively, and % is the Hill coefficient. This coefficient re-
presents the number of protons involved in the TPP* binding site
or the degree of co-operativity on TPP* binding.

Data were fitted to the appropriate equation by using the least-
squares method and the Sigma Plot 5.0 program (Jandel Scientific,
San Rafael, CA, U.S.A.). The value of the parameter obtained
from the best fit and its S.E.M. are reported. Unless otherwise
mentioned, the correlation coefficient for linear regression was
0.98 or better. All experiments were performed in triplicate.

The Dynafit program (BioKin Ltd, WA, U.S.A.; http://www.
biokin.com) was used, when necessary, to perform the global fits
of the data to assess the best fit to various inhibition mechanisms
(model discrimination analysis) and to calculate the inhibition
constants (for details, see the Results and discussion section).

RESULTS AND DISCUSSION
Effects of some onium compounds on SPM oxidase activity

The effects on the activity of BSAO of various positively charged
onium compounds were tested, using SPM as substrate. Strong
inhibition of activity was measured at [SPM] < K,,, but no
significant effect was observed at [SPM] > K,,. No dependence
of inhibition by onium compounds on time was observed. Table 1
shows the residual catalytic efficiency (k./K,) measured in the
presence of a 1 mM concentratrion of the various onium com-
pounds at [SPM] <« K. It appears that the inhibitory effect
increases with the length of the aliphatic chains of the inhibitor,
and that the lowest residual activity is observed when phenyl
groups are substituents. One explanation of this phenomenon may
be the lipophilic nature of these compounds, as well as the higher
sterical hindrance of the phenyl groups.

To study the mechanism of inhibition of these compounds,
TPP, tetraphenylarsonium (TPAs) and PTP (propyltriphenyl-
phosphonium) chloride were chosen as representative molecules.
The K,, and k., values for SPM were calculated, in the absence
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Figure 1 Phosphonium compounds as competitive inhibitors of the SPM
oxidase activity of BSAQ

Lineweaver—Burk plots for the inhibition of BSAQ by various inhibitors (A—G) are shown. All
the measurements were performed in 25 mM Hepes/150 mM NaCl at pH 7.20 and 25 °C. The
following concentrations for the various compounds were used: (A) PTP chloride at 0 (@), 0.1
(O)and 0.25 (1) «M; (B) TPP* chloride at 0 (@), 0.25 (O), 0.5 (M), 1 (A) and 10 (1) uM;
and (C) TPAs chloride at 0 (@), 2 (O), 5 (A), 7.5 (CJ) and 10 (®) M. (D) Dixon plots
obtained for the various inhibitors from the K, values calculated from the double-reciprocal
plots (A-C): O, TPAs chloride; @, TPP+ chloride; I, PTP chloride.

or presence of inhibitor at various concentrations, by fitting
the experimental data to the Michaelis—Menten equation. In all
cases, only K, depended on inhibitor concentration, and no
significant change in k., was observed (ke spy = 1.10+0.18 s71),
as shown in Figures 1(A)-1(C). These results indicate that these
compounds behave as competitive inhibitors when SPM is used
as substrate. Figure 1(D) shows the dependence of the K, ,,,/
K. ratio on inhibitor concentration. According to the classical
Dixon equation, the following dissociation constants (K,) were
calculated for various BSAO-inhibitor complexes when SPM
was used as substrate: Kyprp =30nM, Kgy1pp+ =150nM and
K 1tas =960 nM. These K, values, which are in the submicro-
molar range, clearly indicate that PTP, TPP* and TPAs are a new
and strong group of competitive inhibitors. AO inhibitors with

Table 2 Substrate structure and TPP inhibition

All measurements were carried out at [S] < K, (Km.spo =300 uM; Knona =15 uM;
Kmn.pza = 1.5 mM; K gua = 2.5 mM). For other experimental conditions, see Table 1.

Residual activity (kea/Kn) (%) Kt (M)
Substrate  [TPP]=0.5 uM  [TPP]=1mM By Dynafit program By Dixon method
SPM 20.9+2.1 ~0+05 0.15+0.03 0.15+0.04
SPD 253432 ~0405 015+ 0.03 0.17+0.04
NONA 444423 20+15 0.40+0.06 0.38+0.08
BZA 386+22 182+21 0.27+0.08 0.61+011%
BUA 459450 221421 0.374+0.13 0.49+0.07%

*The following reference values (100 %) have been calculated under our experimental
conditions:  (keat/Km)spm =3.7 x 10* M~ 57" (keat/Kin)spp =3 x 103 M~ - 571 (kea/
Ko = 2.5 x 10° M=" 57", (Kea/Kin)sza =4.0 x 102 M=" - 57" (Kea/Km)aun = 2.5 x
102 M—".s~". The experimental substrate concentrations were: [SPM]=4 M, [SPD] =
25 uM, [NONA]=2.5 uM, [BZA] = 0.2 mM and [BUA] = 0.2 mM.

T Kg calculated according to the Dynafit program and the Dixon equation.

I Ky calculated according to the Dixon equation from the data of Figure 2 at a TPP
concentration lower than 1 .M, that is, from the linear part of the curve.

similar inhibition constant values were reported only for some
substrate analogues [13,17,18,34,35].

TPP+* inhibition and substrate structure

The catalytic efficiency of BSAO towards various substrates was
measured in the presence of 0.5 uM and 1 mM TPP* (Table 2).
SPM, SPD (spermidine), NONA (l-aminononane), BUA
(1-aminobutane) and BZA (benzylamine) were chosen as sub-
strates owing to the different types of interaction they show with
the BSAO active site: docking of SPM, SPD, BUA and BZA
appears to be controlled by electrostatic interactions, and that of
NONA by hydrophobic interactions with a different region
of the active site [36]. Table 2 shows that, at submicromolar con-
centrations, TPP* behaves as a strong inhibitor of all tested
substrates (residual activity not higher than 20-50 %, independ-
ently of the enzyme concentration). However, the significant
residual activity measured in the presence of 1 mM TPP? in the
case of BUA and BZA does not fit purely competitive behaviour.
In fact, in this case, activity near zero was expected, as was found
with SPM, SPD and NONA. The significant residual activity
measured in the presence of 1 mM TPP* in the case of BUA
and BZA was not due to a decrease in the concentration of
TPP* in the presence of the various substrates, since no pre-
cipitate or aggregate (no change in the Fourier-transform IR
spectra) was observed, even at 0.1 M TPP* and BZA or BUA. For
a better insight into TPP" inhibition, the K, and k., values for the
various substrates were measured in the presence of various con-
centrations of TPP™. In all cases, only the K, values were found to
be significantly dependent on TPP** concentration (the following
mean values of k. were measured for the various substrates:
ks =1.10+£0.2057"5  keyspp =0.92£ 01157 keunona =
0.3710.04 57" keypua =0.741+0.10s7"; and ke, pza =0.63 +
0.12s7'). However, as shown in Figure 2, whereas in the case
of SPM, SPD and NONA, K, ,,,/K o Tatios increase linearly with
TPP** concentration, with BZA and BUA a non-linear increase
in the K, .,,/K.n o 1atio was observed, the asymptotic value also
being maintained at | mM TPP* (results not shown).

The analysis of these results suggests that: (i) substrates with
a shorter tail (BZA, BUA), unlike those with a longer tail (SPM,
SPD and NONA) may react even in the presence of the inhibitor in
the active site, that is, the ESI (enzyme—substrate—inhibitor
complex) may give final products of reaction (P) with the

© 2004 Biochemical Society
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Figure2 Inhibitory effect of TPP* on BSAO activity using various substrates

A plot of the Kin,app/Km,o ratio against the TPP* concentration is shown. All measurements were
performed in 25 mM Hepes/150 mM NaCl, at pH 7.20 and 25 °C. The continuous curve was
obtained by fitting experimental data to the Dixon equation for SPM, SPD and NONA, and to
eqn (4) in the case of BUA and BZA. The following substrates were used: (1, SPD; @, SPM; O,
NONA; A, BZA; and A, BUA. Inset: magnification of the Figure at low TPP+ concentrations.

same catalytic constant as the ES (enzyme—substrate complex);
(ii) shorter substrate may enter the active site even in the presence
of TPP*, along another pathway, although with greater difficulty
or, alternatively, the inhibitor may bind to the preformed ES com-
plex with a different dissociation constant (K,,) compared with
that for the free enzyme (K,) in accordance with the partial
inhibition mechanism, or all these possibilities may occur. Starting
from the general scheme developed by Leidler and Bunting [37],
the following total scheme of reaction, which represents all the
possibilities listed above, can be drawn in the case of BSAO-TPP*
and using BZA or BUA as substrate (Scheme 1a):

S S
+ Ky +
I+E — EI
kl ”k—l Kd‘s i (k1)+IH(k—1)+I
I+ES ESI
kCﬂ.l l lkcal
E+P EI+P

Scheme 1a

The Dynafit program was used to verify the inhibition mechanism
for the various substrates. The experimental data (velocities
at different substrate concentrations versus different inhibitor
concentrations) were fitted to inhibition models and model

© 2004 Biochemical Society

discrimination analyses were performed. The following inhibition
models were tested: competitive (I can bind only to the free E in
place of S), uncompetitive (I binds only to ES in place of S to
give EI and free S), partial competitive (I may bind both to the
free E and the ES complex and both ES and ESI can give the final
products), mixed (I can bind both to E and ES, but only ES
gives the final products of reaction), ‘total model’ (reported in
Scheme 1a) and the one we termed ‘partial-original’ (where S
may bind to EI without substituting I and both ES and ESI may
give the final product) according to Scheme 1(b):

S S
+ Ky +
I+E —— El
i (|| -
ES ESI
kcatl lkcat
E+P EI+P
Scheme 1b

In the case of SPM, SPD and NONA, the optimal fit was obtained
with the competitive model, confirming the behaviour found using
the Dixon equation. In the case of BUA and BZA, the model
discrimination analysis, on the basis of the best fit of the various
models, ‘accepted’ only the ‘partial-original’ mechanism of in-
hibition. The competitive, partial competitive, mixed and uncom-
petitive models were rejected by the Dynafit program owing to
the poor fits of the experimental data. The ‘total model’ reported
in Scheme 1(a) has not been accepted by the program, since it
appears less correct (Occam’s Razor) than the ‘partial-original’.
These results confirm that, in the presence of TPP*, the shorter
substrates enter the BSAO active site along another pathway,
though with more difficulty. K, values calculated on the basis
of the optimal fits are reported in Table 2. In this Table (last
column), the K ; values calculated according to the Dixon equation
are also reported. From the comparison of the data of the third
and the last columns of Table 2, it clearly appears that a good
agreement of the K, values was found only in the case of SPM,
SPD and NONA, that is, in the case of the competitive behaviour
of TPP*. On the basis of the analyses carried out using the Dynafit
program, the equation of the reaction rate, v, for the mechanism
of Scheme 1(b) has been written introducing steady-state con-
ditions for all intermediates and assuming very fast equilibrium
conditions for the E-I system (horizontal reactions) with respect
to E-S reactions (‘vertical’ reactions” [37]):

Vv =keu[E]o[S1/(Kn.app + [S]) 3

where K, upp = K o(1 + [II/K/[1 + (Ko, o/Kni)[11/K 4] Kin o and
K1 = (k_y 11+ kea)/k, o1 are the Michaelis—Menten constants for
the BZA (or BUA) of free enzyme and of the BSAO-TPP*
complex respectively. In the presence of TPP*, the K, ,,p/Kumo
ratio (shown in Figure 2) is given by:

K app/ Kino = [(1+[11/KD)I/{1 + (Kino/ Ko s [1]/ Ko} “

The values of the parameters, K, ,; = 10.9 £ 1.1 mM in the case
of BZA and K, ,;=16.6+ 6.1 mM in the case of BUA, were
calculated from the above reported analysis performed using the
Dynafit program.

The best fit obtained with the partial-original mechanism
indicates that TPP* competes for the ‘main entrance’ towards
the TPQ cofactor with small substrates, which, unlike the longer
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ones, have an alternative route to TPQ, although less favoured.
In other words: (i) BZA or other small substrates can reach the
TPQ cofactor by two different docking pathways: the ‘preferred’
favourite pathway (blocked by TPP™), which is the same as that
followed by SPM, SPD and NONA, and a second pathway (not
inhibited by TPP*), that cannot be used by longer substrates. This
second pathway explains the high residual activity measured at
1 mM TPP*; (ii) TPP* interacts with an active site area relatively
far from the TPQ cofactor. This area is involved in the binding of
the tail of substrates longer than 5-6 A (0.5-0.6 nm) (SPM, SPD
and NONA) and should include the region we hypothesized to
accommodate cations such as Cs* and Ca** [38]; (iii) the slight
but significant higher association constant (K, = K,~") values for
TPP* obtained using highly charged substrates such as SPM
and SPD (K, ~ 6.2 x 10° M~") in comparison with those obtained
using NONA, BUA and BZA (K, ~2.9 x 10° M™") suggest that
hydrophobic or partially hydrophobic substrates competing with
TPP* for the active site displace the inhibitor more easily than
highly charged substrates. This behaviour could be due to the pre-
sence of a hydrophobic region in the active site, which interacts
very strongly with molecules such as NONA or TPP* (phenyl
rings). A different behaviour of an inhibitor according to the
substrate employed has already been hypothesized for some
enzymes (angiotensin-converting enzyme, acetylcholinesterase
and human cytochrome P450 1A2) [39-41].

Characterization of BSAO binding site for TPP+
(A) Electrostatic interactions

The dependence of the association constant of the BSAO-TPP*
complex on ionic strength (/) was studied at pH 7.2, using SPD
as substrate. Following the Debye—Huckel theory [42], the data
were fitted to the following equation:

log K, = log Ky +2CZ.Z,1" 5)

where Z, and Z, are the charges of the species involved in the
formation of the enzyme—inhibitor complex, K, is the value of
the association constant at / =0 and C =0.497 M'/? in water at
25°C.

According to eqn (5), the plot of log K, versus 1”2 was found to
be linear (r > 0.98) in the / range 22—162 mM (results not shown).
From the slope, a value of Z,Z, = — 1.5 & 0.2 was calculated. This
result indicates that at least one negative charge in the active site is
involved in the ionic interaction with the phosphonium molecule.

To verify the involvement of the electrostatic interactions
between TPP" and BSAO, TPO (triphenylphosphine oxide), a
compound similar to TPP*, but lacking the positive charge, was
chosen as inhibitor. Using SPD as substrate, TPO behaves as a
competitive inhibitor less powerful than TPP* (K 1po =7.0 1
1.2 uM in comparison with K,pp+=0.15 uM). However, in
contrast with TPP*, the K value for TPO is not affected by ionic
strength in the / range 22—-162 mM (results not shown). These
results confirm the role of the positive charge of TPP* (R-P*
moiety, where R are the phenyl rings of TPP") in the interaction
with the BSAO active site.

(B) Effect of pH on Ky, of BSAQ and TPP+

The K, dependence of the BSAO-TPP* system on pH was studied
using SPD as substrate. K, values were calculated according to the
Dixon equation, measuring the experimental K, ,,,/K ,, o ratio over
the pH range 5.6-7.6. A fixed TPP* concentration of 0.2 uM was
used. In the explored pH range, no effect of TPP* on k., values
was found.

5.5 H
» [ ]
20 T T T T T T T T T T

56 58 6.0 62 64 66 6.8 7.0 7.2 74 7.6
pH

Figure 3 Dependence of BSAO-TPP+ K, on pH

Ky, values calculated at various pH values and at 25 °C are shown. SPD was used as substrate.
The continuous line was obtained by non-linear least-squares fit of experimental data to eqn (2).

Figure 3 shows the dependence of K, values on pH. The
K, value increased from (2.3+0.2) x 10° M~'—(5.0+0.4) x
10 M~! when the pH value was increased from 6.0 to 6.4. This
behaviour suggests the presence of one or more residues with a
pK.=6.15+0.02 (calculated using eqn 2; see the Experimental
section) that, in the deprotonated state, favour, but do not control,
the binding of TPP™. In other words, TPP* may bind with more
difficulty, even when these residues are fully protonated. From the
dependence of K, on pH it appears that the pK, of 6.15 matches
very well that previously found for residues (probably aspartic
acid/glutamic acid) located at about 10 A (1 nm) from the TPQ
cofactor [36]. These residues, as previously reported [36], are also
involved in the electrostatic binding of the amino group present
in position 10 of SPD and SPM and in the binding of cations such
as Cs™ and Ca®" [38], that act as competitive inhibitors only for
long and highly charged substrates (SPM and SPD). In the case
of TPP*, in addition to the electrostatic interactions between the
phosphonium ion and the negative charges of these residues, other
forces, such as hydrophobic ones, appear involved in the binding
of this large molecule to BSAO.

(C) Effect of temperature on binding of TPP* to BSAO

The dependence of association constant for TPP*—BSAO complex
on temperature was studied, using SPD as substrate. Experimental
results show a decrease in the K, value as the temperature
increased from 27 to 52 °C. In accordance with the Arrhenius
law, the plot of In K, versus 7" was linear (r = 0.997) (Figure 4).
A AH° value of —35.28 kJmol~!' and a AS° value of 5.847-
mol~! - K~ were calculated for the binding of TPP* to BSAO, the
data being fitted to the vant’Hoff equation [43]:

InK, = — AH°/(RT) + AS°/R

The calculated AH® and AS° values show that both enthalpic and
entropic factors favour the formation of the complex, the enthalpic
term being dominant.

(D) Effect of TPP+ on the binding of carbonyl reagents

Hydrazides, which are specific reagents of the carbonyl group,
react with the TPQ cofactor, thus inhibiting the enzyme activity
[44]. Two different hydrazides were used: acetic hydrazide, a
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Figure 4 Arrhenius plot of the BSAO-TPP+ association constant versus
temperature

Experiments were carried outin 25 mM Hepes/150 mM NaCl, at pH 7.2, using SPD as substrate.

Table 3 Effect of TPP on the inhibition of BSAO by hydrazides

The incubation solution was 25 mM Hepes/150 mM NaCl, at pH 7.20 and 25 °C containing
1.6 «M BSAQ. When indicated, 0.9 mM TPP was present. The assay solution was 25 mM
Hepes/100 mM NaCl, pH 7.2, containing 2 mM SPM as substrate.

Residual activity after the incubation time (%)*

Hydrazide used and

its concentration —TPP + TPP%
Acetic hydrazide (38 M) 30 38
Phenylacetic hydrazide (30 M) 33 97

*The residual activity was monitored after diluting the incubated enzyme (1:360) in the
assay solution; the activity of BSAQ in the presence of TPP alone (2.5 «M final concn.) in
the assay solution was taken as 100 %.

+2.5 uM TPP was added to the assay solution to perform these activity measurements in the
presence of the same concentration of TPP as in the assay solution of the samples incubated in
the presence of TPP.

$0.9 mM TPP was present in the incubation solution.

small and relatively non-hydrophobic molecule, and phenyl-
acetic hydrazide, a large molecule characterized by the presence
of a phenyl ring that could interact with the hydrophobic
pocket of the BSAQO active site [44]. The inhibition of BSAO was
monitored after incubation of the enzyme for 30 min with these
hydrazides in both the presence and absence of TPP*. When TPP*
was present, the hydrazide was added after TPP*. The results
obtained, reported in Table 3, clearly show that, in the case of
phenylacetic hydrazide, the presence of TPP* affords practically
total protection. Conversely the relatively smaller and non-
hydrophobic acetic hydrazide is partially hindered by TPP* from
reacting with the carbonyl group of TPQ. This behaviour strongly
supports the notion that TPP* interacts with a hydrophobic region
of the BSAO active site involved in the binding of hydrophobic
molecules (inhibitors and substrates) and also support the
possibility that small substrate or of inhibitor molecules can reach
the active site (TPQ) whilst still in the presence of TPP*.

Effect of TPP*+ on various AOs

To verify the specificity of TPP*' inhibition, we tested and
compared the effect of this compound on various AOs. Table 4
shows the residual activity of various AOs measured in the
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Table 4 Effect of TPP on the activity of various AOs

Experiments were carried out in 25 mM Hepes/150 mM NaCl/1 mM TPPatpH 7.20and 25 °C.
For human AQs, the activity measurements were carried out at 37 °C as described by Holt et al.
[49]. All measurements were carried out at [S] < K, for various enzyme/substrate systems.

Source of AO Substrate Residual activity (kca/Km) (%)
Bovine serum* SPM 0
Pig kidney Cadaverine 55
Soybean seedling (Cadaverine 100
Human platelets* BZA, NONA 100
Human serum* Cadaverine 33

* Bovine serum, human serum and platelets were used without further purification.

presence of 1 mM TPP*, at [S] < K,,. Each enzyme was tested
using a substrate for which the AO shows high catalytic efficiency.

Table 4 clearly shows that TPP* behaves as a potent and specific
inhibitor only of BSAO, even when bovine plasma is used without
any purification. In fact, in the case of other mammalian copper
AOs (pig kidney AO, human serum AO), the high residual activity
indicates a K4 in the millimolar range, while in the case of copper
AOs from plants (purified soybean seedling AO) and of FAD-
dependent AOs (in human platelets), no effect on activity was
observed under our experimental conditions.

Conclusions

Phosphonium and arsonium ions were found to be a new class
of onium compounds that are strong competitive inhibitors of
BSAO.

The inhibitory effect of these compounds depends on the
presence of a positive charge and of arelatively bulky hydrophobic
moiety. The positive charge helps the electrostatic attraction of the
inhibitors by negative charges of the active site as found for some
substrates, and the hydrophobic moiety (phenyl rings) favours
the binding of the inhibitor to the hydrophobic area of the active
site, the presence of which has been suggested in various AOs,
including BSAO [36,45,46].

In particular, the results we have obtained suggest that: (i) the
TPP* positive moiety interacts electrostatically with the ‘cation-
binding site’ (pK, ~ 6.2), that is, with the region involved in the
electrostatic interaction with the positive amino group of the tail
of long polyamines and located about 10 A (1 nm) from the TPQ
cofactor. Here, at physiological pH, negative charges of depro-
tonated acid residues (probably aspartic acid/glutamic acid) are
present; (ii) the aromatic moiety of TPP* interacts with a hydro-
phobic area near the cation-binding site at some distance from the
TPQ; (iii) the presence of TPP™ in the active site prevents docking
of substrates and inhibitors with long and positively charged tails
or bulky hydrophobic substituents; (iv) the presence of TPP*
hinders, but does not prevent, docking of ‘small’ substrates such
as BZA and BUA or small carbonyl reagents, which can reach the
TPQ cofactor using a pathway less favoured with respect to
the preferred one.

These findings seem to indicate that the access to BSAO active
site is similar to that found for the lysyl oxidase of the yeast Pichia
pastoris [5], namely that there should be a large cavity, quite open
towards the surface of the protein and the solvent, and not the
narrow channel found in other known copper AO structures [5,6].
The binding of large cations, such as phosphonium or arsonium
compounds, to the cation-binding site of the BSAO active site,
partially closes this large entrance. Consequently these onium
compounds block the preferred pathway of substrate towards TPQ
and fully inhibits the reaction of long-tailed substrates. Con-
versely, small substrates, such as BUA and BZA, in the presence
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of these large cations, can still reach the cofactor by a less favoured
route, and then react.

In addition to this new structural information, our findings
could be of pharmacological interest, since the inhibitory effect
of phosphonium compounds can be modulated according to the
nature and to the sterical hindrance of the substituents, and human
VAP-1, characterized by a sequence similarity with BSAO higher
than 80 % [9], is involved in various pathogenic events.

Finally, possible effects of TPP* on VAP-1 and other human
copper AOs should be considered when this and related com-
pounds are used for clinical purposes as cationic biocides, antag-
onists in the vasorelaxant response to levcromakalim [47], chemo-
therapeutic agents [21] and molecular probes for imaging tumours
[48]). In fact, in these cases, TPP* is used in a concentration range
equal to, or higher than, that at which we observed inhibition of
BSAO.

This work was supported partially by the Ministero della Salute—del Fondo Sanitario
Nazionale 2001 (ltaly) and by the Research Project COFIN 2002.
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